The presence of tartrazine (TAR) in the water cycle poses serious threats to human health. This study investigated the used of light emitting diodes (LEDs) in the advanced oxidation of TAR under different pH and duty cycle (DC) conditions. The first order reaction rate constant for TAR oxidation was positively correlated with DC, negatively correlated with pH, and typically greatest at pH 6. Chemical byproduct analysis indicated that OH addition, H abstraction, and electron transfer without molecule transfer were among the relevant reaction mechanisms for TAR degradation. Six byproducts were identified, four were reported for the first time, and two demonstrated that TAR rings were cleaved.
INTRODUCTION
Tartrazine (TAR) is the trisodium salt of 3-carboxy-5-hydroxy-1-p-sulfophenyl-4-p-sulfophenylazopyrazole, a synthetic dye containing two aromatic rings conjugated by an azo bond (N ¼ N). The practical uses for TAR are in the manufacture of common drugs, foods, and cosmetics. TAR has now emerged as a water contaminant of concern because of its widespread use, high liquid solubility, and a growing critical body of evidence linking it to a wide range of negative health effects, including mental disorders, migraines, allergies, cancer, and respiratory problems (Thuvander ; El-Wahab & Moram ) . TAR can be partially removed from contaminated water using adsorbents (Baraka ; Vargas et al. a; Vargas et al. b; Weber et al. ; Srivastava et al. ) , photocatalysis (Rao et al. ; Sebti et al. ) , or electrocoagulation (Thiam et al. ) , but there is a need to explore other treatment alternatives.
Advanced oxidation processes (AOPs) have the potential to meet this need because they utilize radicals which rapidly and non-selectively oxidize many electron-rich organic pollutants and their byproducts (Crittenden et al. ; Benjamin & Lawler ; Yu et al. ) . AOPs can degrade TAR (Andriantsiferana et al. ; Oancea & Meltzer ; GilPavas et al. ); however, these studies used UV lamps that are troublesome and hazardous because of the mercury contained in the tubes. A relatively new AOP can now be implemented that uses ultraviolet light-emitting diodes (UVLEDs) in place of mercury lamps. UVLEDs are low-cost, light-weight, robust, nonhazardous devices, and they can be powered by low, direct current voltage, which allows the use of portable power sources such as batteries or photovoltaic cells (Ibrahim ; Crystal ) . UVLEDdriven AOPs have been used to degrade soluble organics (Wang et al. ; Duckworth et al. ; Eskandarloo et al. ) . Scott et al.  also showed that TAR can be partially degraded with low power UVLEDs, but their experiments did not identify byproducts or reaction mechanisms.
The objective of this work was to determine the effect of pH and duty cycle (DC) on the oxidation of TAR. This research determined the first order rate constants and reaction mechanisms that apply to TAR oxidation with a UV/ H 2 O 2 -based AOP that produces hydroxyl radicals with LEDs. DC is the percentage of time that the LED lights are turned on, and it becomes an important operating parameter when the LEDs are periodically left off. This pulsing is used to extend the life of the LED and it is clear that DC is positively correlated with oxidation efficiency (Duckworth et al. ; Scott et al. ) , but the effect of DC on TAR transformation mechanisms has not yet been elucidated. The pH is well-known to influence a variety of AOPs (Crittenden et al. ) , but this has not been investigated for the oxidation of TAR using LED-based AOPs. In principle, reaction rates are expected to decrease as pH rises above 7 because hydroxyl radicals may react with carbonate species as well as HO 2 À , the dissociated form of H 2 O 2 (Crittenden et al. ) . The pH may also impact observed reaction rates by altering the intrinsic reactivity of the pollutant, in some cases (Parr & Yang ) . There is a need to determine the mechanisms that explain the observed relationships between pH and the TAR oxidation rates.
There is also a need to clarify the relative roles of pH and DC on reaction kinetics, which may inform design and operational decisions.
MATERIALS AND METHODS

Experimental overview
TAR was oxidized with a UVLED reactor in the presence of H 2 O 2 over a range of pH and DC conditions. Byproducts were determined using HPLC-MS, and first order rate constants were determined using the non-steady state solution for the effluent TAR concentration for a complete-mix reactor with reaction. Linear regression modeling was carried out to determine the relative impact of DC and pH on the observed first order rate constants.
Apparatus
The UVLED reactor included drive electronics to control the DC of the LEDs, a continuous-flow reactor containing 245 nm LEDs, and a pump to provide a continuous flow of water (see Figure A1 in supplementary material, available with the online version of this paper The DC was controlled with a laptop running DASYLab (DASYLab, version 12, Stamford, CT). This signal included one of six DCs with a frequency of 9.09 hertz. The DCs included five percent (5.5 milliseconds (ms) on, 104.5 ms off), ten percent (11 ms on, 99 ms off), twenty percent (22 ms on, 78 ms off), thirty percent (33 ms on, 77 ms off), fifty percent (55 ms on, 55 ms off), seventy percent (77 ms on, 33 ms off) and one hundred percent (a constant drive signal). An integrating sphere and spectral radiometer (Labsphere, North Sutton, NH) were used to measure the optical power of the LEDs as a function of DC.
Data analysis
The time-dependent effluent concentration of TAR was derived from a mass balance equation for a complete-mix reactor including a reaction:
In Equation (1), C 0 is the influent TAR concentration, C is the effluent TAR concentration, τ is the average fluid residence time, and k s is the apparent first order reaction rate constant. This equation was then used to determine k s using data from experiments. Best-fits were determined using the Microsoft Excel Solver.
Linear regression modeling
Linear regression modeling was carried out to determine the relative roles of pH and DC on the first order rate constants. Briefly, numerous predictor variables were identified and used in the development of preliminary regression models, and after each model was generated, residuals, studentized residuals, Cook's D Influence, and the square of the model residuals were determined. Valid regression models require normally distributed residuals, constant variance, and independence. The Shapiro-Wilks Test (W-Test) was used to determine whether the residuals were normally distributed, the Breusch-Pagan test was used to confirm constant variance, and the Durbin-Watson test was used to determine that the data sets were independent. Outliers and overly influential points were investigated with histograms of the studentized residuals (no point fell outside ±3 standard deviations) and the overlay plot of Cook's D Influence (no points rank higher than 0.5).
Models that passed the above-referenced tests were evaluated for functionality using the Variance Inflation Factor (scores had to be less than 2 for all parameters). The general formula for the linear regression model is shown in Equation (2):
where Y is the model's predicted value, e is the intercept, X i are the predictor variables, and β i are the regression coefficients. The relative contribution of pH and DC is determined from the sum of the standardized coefficients associated with each predictor variable respectively.
Byproduct analysis
Byproducts were determined by analysis of mass spectra generated by HPLC/MS (Agilent 6130, Santa Clara, CA) with UV detector. The method used a SUPELCO Analytical column (Ascentis ® Express C18, Cat#53829-U, 15 cm × 4.6 mm, 2.7 μm) and a particle fragmentor. The mobile phase was a mixture of 50% acetonitrile and 50% water at 0.35 ml/min. The carrier gas was nitrogen at 10 L/min. API-MS ionization was used for detection. The nebulizer pressure was 45 psig and the quad temperature was 100 C. The mass ranges were for the positive scans in the 100-700 AMU range, and for the negative scans in the 100-550 AMU range. Samples were stored at 2 C before HPLC analysis.
RESULTS AND DISCUSSION
The effect of pH and DC on the transformation of TAR Figure 1 shows the effect of DC on the relative concentration of TAR at pH ¼ 6. The x-axis shows time while the y-axis shows the relative concentration (C/C 0 ). The degree to which TAR was removed depended on the DC. For example, at 100% DC the final relative concentration was 0.76 while at 50% DC the final relative concentration was 0.87. The lower DC removed less TAR as the reaction was limited by the presence of UV energy, which was reduced by a factor equal to the inverse of the DC. The first order reaction rate constant gradually increased as DC increased. At pH 7, similar results were observed (Figure 2 ). The extent of TAR oxidation increased gradually as DC was increased from 0% to 100%, with one exception. The reduction in relative concentration for the 50% DC (final relative concentration, C/Co ¼ 0.88) narrowly exceeded the reduction for that of the 70% DC (final relative concentration, C/Co ¼ 0.89). Lower levels of TAR transformation were observed at pH ¼ 8 ( Figure A2 ) and pH ¼ 9 ( Figure A3 ) ( Figures A2 and A3 are available with the online version of this paper), and surprisingly in both cases, the extent of TAR transformation was highest at 50% DC, not 100% DC. At pH 6 and 7, the first order reaction rate constants generally increased with DC as reported previously (Duckworth et al. , Scott et al., in press) ( Figure 3 ) and the greatest TAR transformation was observed at 100% DC and at pH ¼ 6. The physical chemistry of TAR does not explain the pH trend noted above. For example, at slightly acidic pH the sodium atoms in TAR are substituted by H atoms to form protonated TAR (pTAR), which is more electrophilic and chemically stable (Mendoza-Huizar ). This finding is inconsistent with the results noted above, because TAR was most quickly oxidized at pH 6. There are also no significant differences in the electron density distribution of pTAR and TAR (Mendoza-Huizar ). The relative reactivity of pTAR and TAR does not explain the effect of pH on the observed first order rate constants. The measured data showed that increasing the pH negatively impacted TAR oxidation, but the computational data showed that increasing pH did not increase TAR reactivity. The most plausible explanation for the pH trend observed in the current research is that hydroxyl radicals were scavenged by bicarbonate ions, as suggested previously (Buxton et al. ) . This distinction implies that similar pH trends could be observed for the oxidation of other molecules.
Regression model
Multiple linear regression modeling was conducted using binary discrete dependent variables pH and DC to determine model-predicted first order reaction rate constants, and the relative contribution of pH and DC on observed kinetics. The resulting model upheld the three key assumptions for linear regression models: independence (Durbin Watson Test), normally distributed residuals (Shapiro-Wilks Test), and constant variance (Breusch-Pagan Test) (data not shown). The model is presented in Table 1 . The regression coefficient with the greatest value was β 9 , associated with the 100% DC and pH ¼ 6. Figure 4 shows the model predicted output plotted with the experimentally determined first order reaction rate constants. The model predicted k values were generally in good agreement with measured k values (adjusted R 2 ¼ 0.85). The model's mean predictive error was 7.9 × 10 À5 min À1 . The relative contribution of pH and DC is shown in Figure 5 . As explained in the methods section, the relative contributions are determined using the standardized coefficients, a metric that explains the contribution that each variable makes to the model output. The relative contribution of the DC (57%) is greater than that of pH (19%); however, there is a notable contribution that is made by the interaction between pH and DC (24%). Table 1 captures this interaction with regression coefficients β 8 , β 9, and β 10 . The implication of this is noteworthy. When pH and DC are simultaneously adjusted to the β 8 , β 9 , or β 10 conditions, the observed kinetics are favorably improved beyond what is expected when only pH or DC is adjusted. Alternatively, the same synergism would be expected from unfavorable adjustments. This is the first report, that the authors are aware of, that demonstrates the synergetic impact of pH and DC on UVLED/H 2 O 2 AOP.
Byproducts and reaction mechanisms
The chromatographs associated with all of the experiments mentioned above showed three main peaks under both positive and negative ionization ( Table 2 ). The molecular mass of each structure depended on the number of moles of sodium retained on the parent compound. Table 3 shows proposed byproduct structures, which include four that have not been reported previously. The first was unreacted TAR (Product A), which may be partially ionized in solution. The IUPAC name is (E)-5-oxo-1-(4-sulfonatophenyl)-4-((4-sulfonatophenyl)diazenyl)-4,5-dihydro-1H-pyrazole-3-carboxylate. 
*Factors with two terms account for interactions between the experimental conditions. **X8, X9, and X10 were defined as follows:.
The second product, denoted Product B, was hydroxylated TAR. The two possible IUPAC names are (E)-4-((2-h ydroxy-4-sulfonatophenyl)diazenyl)-5-oxo-1-(4-sulfonatoph enyl )-4,5-dihydro-1H-pyrazole-3-carboxylate or ( E )-4-(2-h ydroxy-2-( 4-sulfonatophenyl )-2λ4-diazenyl )-5-oxo-1-( 4-sulfonatophenyl)-4,5-dihydro-1H-pyrazole -3-carboxylate. Product C is a reaction byproduct and is similar to a structure reported by dos Santos et al. (). The IUPAC name for Product E is (1-(2-hydroxy-4-sulfonatophenyl)-5-oxo-4,5-dihydro-1H-pyrazol-4-yl)diazen-1-ide, likely the result of OH addition followed (or preceded) by the loss of the sulfonic acid or COO À group. Electron transfer is indicated by the loss of the sulfonic acid group and the COO À group. Product F is (E)-4-(hydroxydiazenyl)-5-oxo-1-(4-sulfonatophenyl)-4,5-dihydro-1H-pyrazole-3-carboxylate. The most likely reaction mechanism is hydrogen abstraction followed by an OH addition, the net result of which would be an increase of one oxygen atom. It is also possible that an oxygen atom (derived from water) was incorporated into the main structure of TAR (before or after loss of the sulfonic acid group).
Concluding remarks
The data collected in the current study is in keeping with the findings of Scott et al., who recently found that TAR is relatively difficult to degrade through the UV/H 2 O 2 AOP. Part of the reason for this is the strong absorbance of TAR in the UV spectrum, resulting in nondestructive, radiative transfer and fluorescence ( Figure A4 , available with the online version of this paper). This mechanism reduces the amount of UV energy available to cleave the O-O bond in H 2 O 2 and produce hydroxyl radicals. Therefore, to overcome the absorbance of TAR, more powerful UVLEDs are needed, a finding that we confirmed during follow-up experiments carried out at higher drive current (i.e. 40 mA) levels and with lower (i.e. 0.01 M) influent TAR concentration ( Figure A5 , available with the online version of this paper). It is also important to note that the likelihood of a UV photon interacting with a TAR or H 2 O 2 molecule depends on the molar H 2 O 2 -to-TAR ratio, which was 500:1 in the current study. In principle, this ratio can impact the production and termination of hydroxyl radicals during the reaction cascade. The kinetics may be limited by inadequate H 2 O 2 if the molar H 2 O 2 -to-TAR ratio is too small or by H 2 O 2 quenching (i.e. radicals reacting with H 2 O 2 ) if the ratio is too large. Future studies should explore optimal molar H 2 O 2 -to-TAR ratios. There are also several reactor design characteristics that impact UV fluence and reaction efficiency, including the hydraulic residence time distribution, the output power, LED wavelength, reactor materials (e.g. Teflon vs. stainless steel), and the arrangement of the LEDs. Future research should seek to optimize these operating factors. A recent computational study carried out by MendozaHuizar  showed that the TAR pyrazole C18 atom, initially bonded to the azo group, has the highest frontier electron density (FED). This computational result, when combined with the structures of the byproducts identified in this study, demonstrates that high FED atoms of TAR (i.e. pyrazole C18) are oxidized by radical attack. This finding bolsters the promise of predicting the TAR degradation pathways a priori based on Density Functional Theory, and eventually, determining recalcitrant TAR byproducts that should be further examined for heightened risks to human health. What remains now is to continue to optimize treatment technologies to achieve higher levels of TAR transformation and to identify other byproduct structures and their properties.
CONCLUSIONS
The conclusions of this study are as follows:
1. The first order reaction rate constant for TAR oxidation was statistically and positively correlated with DC, statistically and negatively correlated with pH, and typically greatest at pH 6. DC made a larger impact on the first order rate constant than the pH, but the observed kinetics was also influenced by the interaction of these two variables. Increasing the operating pH in a UVLED reactor decreases TAR degradation by radical scavenging, not by changing the intrinsic reactivity of TAR. 2. Chemical byproduct analysis indicated that OH addition, electron transfer (without molecule transfer), and H abstraction were among the reaction mechanisms for TAR degradation under all experimental conditions. Four new byproduct structures were proposed, including two that demonstrate that TAR rings were cleaved.
